2
Abstract
The structure and superconductivity of WTe 2 under pressure are investigated using ab initio calculations combined with high-pressure synchrotron X-ray diffraction and Raman spectroscopy.
We find that the emergence of superconductivity in WTe 2 under pressure can be attributed to the phase transition from ambient T d phase to the monoclinic 1T' structure phase at around 4-5 GPa, which is associated with a sliding of the WTe 2 layers resulting in a critical point in the changes of Te-Te interlayer distance. This phase transition introduces an inversion center and eliminates the topological Weyl fermions in the T d structure. Electron-phonon coupling calculations predict a similar T c as reported value, implying that WTe 2 might belong to conventional normal BCS superconductors.
I. INTRODUCTION
2D transition-metal dichalcogenides (TMDs) have recently become one of the most extensively investigated materials due to their unique properties including tunable electronic and transport properties, high mechanical flexibility, and their potential applications in vertical fabricated devices. [1] [2] [3] [4] [5] Among the Group VIb element TMDs, tungsten ditelluride (WTe 2 ) has recently been reported to possess a number of extraordinary physical properties. For instance, a large unsaturated magnetoresistance effect has been observed under a magnetic field of up to 60
Tesla at cryogenic temperatures below 4.5 K [6] . The enhanced magnetoresistance was first described as a result of the symmetric balance between electron and hole pockets on the Fermi surface [7] [8] [9] [10] [11] , however recent studies have suggested that other mechanisms can play a role in the origin of the magnetoresistance. [12] [13] [14] Additionally, WTe 2 was recently proposed as a candidate for a new type of Weyl semimetal (WSM) (Type II) in which the Weyl points exist at the boundary of electron and hole pockets, rather than at the point-like Fermi surface in traditional WSM (Type I) systems. [15] [16] [17] Recently, pressure-induced superconductivity in WTe 2 was observed by two different groups [18, 19] , but the critical pressure for the emergence of the superconductivity varies from 2.5 GPa to 10.5 GPa in these reports. The superconducting critical temperature (Tc) reaches a maximum of around 6-7 K at certain pressure and decreases with compression to form a dome-like diagram [18, 19] . Furthermore, a quantum phase transition is proposed to occur from high-pressure electrical resistance measurements and the pressure-dependent Hall coefficient with a sign changing from the positive to the negative at around 10.5 GPa [19] . However, the relation between the structural parameters of the superconducting phase and the mechanism of the superconductivity in WTe 2 under pressure remains to be elucidated. A clear structural phase transition has not been thoroughly explored along with the emergence of superconductivity [18, 19] .
WTe 2 crystallizes in the orthorhombic structure with a distorted octahedral coordination (T d ) (space group Pmn2 1 , No. 31) under ambient conditions [20] , which is uniquely different from the typical trigonal prismatic structure in other TMDs, such as the 2H-MoS 2 , 2H-WSe 2 (space group P6 3 /mmc, No. 194) [21] or the monoclinic structure 1T'-MoTe 2 (space group P2 1 /m, No. 11) [20] .
Since the crystal structure of WTe 2 is different from other TMDs at ambient conditions, it is reasonable to assume that the crystal structure of WTe 2 at high pressures may play a significant role in the origin of these aforementioned unique physical properties. However, despite its significance, high-pressure phase stability of WTe 2 remains largely unknown and has hindered our understanding of the fundamental physics of the TMDs system in extreme environments.
In this Letter, to give new insights on the aforementioned scientific issues, we explore the structures of WTe 2 under pressure up to 30 GPa, with a combination of ab initio calculations and experiments including high pressure synchrotron powder X-ray diffraction and Raman measurements. We have predicted two high-pressure phases in WTe 2 with P2 1 /m and P6 3 /mmc symmetry, which resemble the most common 1T' and 2H structure in TMDs, respectively. Moreover, we have identified the 1T' phase in the high pressure XRD and Raman experiments, and resolved its structure. The T d to 1T' transition pressure is close to the pressure where superconductivity occurs [18, 19] , implying that the superconducting WTe 2 is actually in the 1T' phase.
II. METHODS
Ab initio calculations. We use ab initio random structure searching (AIRSS) [22, 23] method to find low-enthalpy structures of WTe 2 , with system sizes up to 8 formula units per simulation cell during the search. Crystal structure optimization calculations are performed by The Vienna Ab initio simulation package (VASP) [24] , with Perdew-Burke-Ernzerhof (PBE) [25] generalized gradient approximation (GGA) exchange-correlation density functional and optB86b functional [26, 27, 28] together with vdW-DF corrections of Langreth and Lundqvist et al [29] . The cutoff parameter for the wave functions is 400 eV, and k-point meshes are generated through for the plane wave cut-off parameter R MT K max are used in the calculation, where R is the minimum LAPW sphere radius and K max is the plane-wave vector cutoff. Spin-orbit coupling is taken into consideration in the second-variational calculation [32] . Transition barriers are calculated through the variable cell NEB (VC-NEB) method [33] implemented in the USPEX code [34] . The electron-phonon coupling (EPC) calculations are performed through the Quantum-ESPRESSO program [35] , with a 6×8×4 k-point mesh for EPC matrix and a 3×4×2 q-point mesh for Dynamical matrix. The cutoffs are 60 Ry for the wave functions and 600 Ry for the charge density.
High pressure powder X-ray diffraction (XRD) and Raman experiments. A symmetric diamond anvil cell (DAC) with a pair of diamond culet size 400 µm was used for the high pressure Raman experiments. Re gasket, initially ~250 um thick, was pre-indented to ~40 um, and drilled at the very center to form a diameter of 200 µm for the sample chamber. A piece of WTe 2 sample purchased from 2D Semiconductors was cut into ~20 µm disk and was then placed near the center of the sample chamber, along with a couple of ruby spheres used as the pressure indicator. Ar pressure medium was loaded with the sample in the chamber using gas loading system in the Mineral Physics Lab of the University of Texas at Austin. Raman and ruby spectra were collected using Renishaw inVia Raman spectroscopy system equipped with a 532 nm green laser and 3000 line/mm grating. In order to prevent the sample from thermal damaging, laser power was restricted to <5 mW with integration time up to 5 minutes. Obtained spectral data were then analyzed according to background spectra, and peak position and FWHM extracted using Lorentzian fitting. Samples for XRD experiments were purchased from HQ Graphene, and ground using mortar to form randomly oriented powder. Externally heated DAC (EHDAC) with culet size 500 µm was used for high pressure XRD measurements. TZM gasket was pre-indented down to 37 µm thickness, and was drilled with 180 µm hole in the center. Powder WTe 2 were compressed to disks and stack-loaded in the sample chamber, in order to guarantee sufficient thickness and random orientation. Au particle and ruby were also loaded as pressure indicators. Ne gas was used for pressure transmitting medium. XRD experiments were conducted at GSECARS 13IDD beamline of the Advanced Photon Source, Argonne National Laboratory. An incident X-ray beamtime of approximately 0.3344 Å in wavelength and 2-3 µm in beamsize (FWHM) was used for the experiments, while X-ray diffraction patterns of the sample were collected by a MAR CCD detector. High temperature was applied either by external resistive heating or laser heating.
III. RESULTS AND DISCUSSION
The crystallographic structures of T d , 1T' and 2H phases are shown in Fig. 1 (a) , (b). In the T d phase, the tungsten atoms are sandwiched between two layers of tellurium atoms in which one layer is rotated 180 degrees with respect to the other, forming the W-Te 6 octahedral coordination.
These layers in the T d and 1T' phase exhibit buckled surface structure, whereas the high-pressure 2H structure only contains flat layers. 1T' structure is very similar to T d such that it can be constructed from T d phase with shear strain, which introduces an inversion center. Viewing the structure from the out-of-plane direction ( Fig. 1 (b) ), tungsten and tellurium atoms are packed in a honeycomb crystal lattice for the 2H structure, similar to graphene or h-BN, but it displays a rather complicated atomic arrangement in T d and 1T' phase.
Theoretical calculations.
The calculated enthalpy-pressure (ΔH-P) and volume-pressure (V-P) curves of WTe 2 are shown in Fig 1. (c) , which clearly show two structural phase transitions, from T d to 1T' at around 5 GPa and from 1T' to 2H phase at about 10 GPa. T d structure is found to be thermodynamically stable at ambient conditions, in agreement with the experimental observation [20] . However, the relative enthalpy difference between T d and 1T' phase is very small, less than 0.15 meV per atom, at ambient pressure. Moreover, calculated lattice parameters and unit cell volumes of T d and 1T' phase are very close to each other. The 2H phase is thermodynamically stable under high pressure, with a lower enthalpy than that of 1T' phase by 59.3 meV per atom at 30 GPa. As 2H structure with flat layers is more compact than the 1T' structure with buckled layers, there is a sudden drop in unit cell volume for the 1T'-2H transition. Compared with other typical TMDs with flat layers, WTe 2 in ambient condition with uneven surface suggests that applied pressure could act to smooth the layers by providing a compressive strain, and therefore tune the electronic properties of the TMD as well as its structure to a higher symmetry. This can be further justified by comparing with WS 2 , which has stable 2H phase at ambient condition, although WS 2 does not undergo any structural phase transition up to 60 GPa [36] nor an abrupt metallization at high pressures.
These octahedrally-coordinated W-Te layers are held together by van der Waals interactions such that the dispersion correction is essential for obtaining proper interlayer spacing in theoretical calculations. As shown in the lattice parameters and volumes at 0 GPa listed in Table 1 , normal GGA-PBE functional gives quite large errors on these parameters as compared to the experimental values, while the calculations based on optB86b functional together with vdW-DF correction, that were used in this work, gives errors less than 1.0 %. Phonon dispersion calculations confirm that the 1T'-and 2H-WTe 2 structures are dynamically stable at 0 and 15 GPa, respectively (see APPENDIX FIG. A1) . Moreover, the phonon spectra at 0 GPa do not exhibit modes with negative frequencies, indicating that they should be recoverable in decompression to ambient pressure if they could be synthesized experimentally. The results for 1T'-WTe 2 also show that two phonon modes near the A, C and E point undergo softening at 5 GPa.
We have also calculated the transition barriers for T d -1T' and 1T'-2H transitions using VC-NEB method [33] . As shown in Fig. 2 , due to the similarity between T d and 1T' structure, the transition path can be simply considered using an applied shear strain along b axis. As shear strain [6] , including a perfect balance between electron and hole pockets, which may cause a large unsaturated magnetoresistance effect on the 1T'-WTe 2 system. Lifshitz transitions, which can be seen in Fig. 3 , are where the topology of the Fermi surface develops electron and hole pockets, are reported to coincide with the appearance of the superconductivity in iron/transition-metal based superconductor [37, 38] . Application of pressure is an efficient method to tune the lattice constants and thereby atomic interactions, which has been reported to produce new topological phases of materials [39] . This naturally draws the question whether pressure could change the topological properties of WTe 2 . However, in the T d phase, spin degeneracy is broken by the spin-orbital coupling due to the absence of an inversion symmetry, while the spin degeneracy will remain in the 1T' phase which contains an inversion center. Thus, the Weyl fermions in the ambient T d phase should disappear after the structure phase transition. In previous works [18, 19] , it was proposed that superconductivity found in WTe 2 emerges from a suppressed large magnetoresistance (LMR) state under high pressure. The critical pressure of superconductivity around 2.5 GPa is close to the T d -1T' transition pressure from this work, it is conceivable that superconductivity in WTe 2 emerges from the 1T' phase, rather than the T d phase.
In order to get further understanding of the superconductivity mechanism in the system, we have performed ab-initio calculations for the electron-phonon coupling (EPC) of 1T'-WTe 2 using the density functional perturbation theory [40] . The superconducting transition temperature can be 
High-pressure experiments
To check our theoretical predictions, we perform high pressure synchrotron X-ray diffraction (XRD) and Raman experiments. Analysis of the high pressure XRD spectra has confirmed the theoretically-predicted T d -1T' transition. In the simulated XRD patterns in Fig. 5(a) , the 1T' phase can be effectively distinguished from T d phase by splitting of (011) and (113) peaks. Evolution of the experimental patterns as pressure increases in Fig. 5(b) clearly shows such splitting, despite somewhat broad peaks due to the existence of deviatoric stress under high pressures. The diffraction signal of 1T' phase first appears at around 4 GPa, which agrees very well with the theoretical prediction (Fig. 5(b) , violet lines). After applying external heating to ~350 K at high pressures, the 1T' diffraction signal is significantly enhanced and becomes dominant at higher pressure/temperature (Fig. 5(b) , red lines). A representative experimental XRD spectrum of WTe 2 is compared with theoretical prediction of 1T' and T d phase, which resembles 1T' phase in overall range of the spectra (Fig. 5(a) ). The T d and 1T' structure can be fitted to the XRD patterns measured at 1.4 and 7.6 GPa, respectively, as shown in Fig. 5(c), (d) . Le Bail method was used to fit the experimental XRD data, because WTe 2 is intrinsically layered and therefore can develop textures at high pressures which hinders Rietveld refinement to provide suitable analysis. We note that the 1T'-to-2H phase transition was not observed in the high pressure experiment, even with increased temperature; up to 22.9 GPa and 450 K for externally heated DAC (EHDAC), and 15.4
GPa and >2000 K for laser heated DAC (LHDAC), respectively. This is consistent with our calculations on transition barriers, where the transition barrier from 1T' to 2H is significantly high.
The transition may be a sluggish process due to the high kinetic barriers, and therefore the equilibration time during the experiment was not long enough to fully transform to 2H phase, even if the applied pressure and temperature were sufficiently high. As forming alloyed MoTe2−WTe2 monolayers can decrease critical temperatures of T'-H transition efficiently [44] , introducing ) [45] . For the 1T' structure with the point group C 2h (2/m), there are thirty-three optic modes at the Gamma point as well: Γ optic = 12A g + 5A u + 6B g + 10B u . Eighteen of them, 12A g + 6B g , are Raman active modes. The evolution of these modes under high pressure is shown in Fig. 6 . Six Raman peaks measured in ambient pressure, denoted as P1, P2, P3, P5, P6, and P7, undergo blueshift as pressure increases, where the overall trend shows a good match with calculated results up to 30
GPa. The discontinuity of Raman bands above 11 GPa, such as the vanishing P3 band and the occurrence of the P4 band with a higher frequency, suggests that T d -1T' transition has occurred (see Fig. 6(a) ). As shown in Fig. 6(b) , the pressure dependence of the FWHM of the Raman bands P6 and P7 rapidly increased from -0.02 cm /GPa) and P2 band which both remain sharp at high pressure ( Fig.   6(a) ), broadening of P6 and P7 may be attributed to the appearance of the 1T' phase.
IV. CONCLUSION
In summary, the combination of the crystal structural prediction and first-principles calculations in this study allows us to predict that WTe 2 undergoes two structural phase transitions: 
